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1 Introduction
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(CAIB) for rerurn-to-flicht (RTE) was to analyze the complete debris environment experienced by the
shuale stack on ascent. This includes categorizing all possible debris sources, their probable geometric

and aerodynamic Chmu(.te,.‘:‘ics, and their potential for damage. This paper is chiefly concerned with

predicn’ng the acrodynamic characteristics of a variety of porential debris sources (insulating foam and
cork, nose-cone ablator, ice, ...) for the shumle ascent configuration using CFD methods. These
aerodynamic characteristics are used in the debris mansport analysis to predict flight path, impact
velocity and angle, and provide sratistical variation to perform risk analyses where appropriate. The
debris aerodyrnamic characteristics are difficult to determine using traditional methods, such as statc
or dynamic test data, due w© the scaling requirements of simulating a typical debris event. The use
of CFD methods has been a critical element for building confidence in the accuracy of the debris
transport code by bridging the gap between existing acrodynamic data and the dynamics of full-scale,
in-flight events.

In order to provide an efficient engineering tool, the debris transport code simplifies several
aspects of the problem. The first approximation is that the debris has no effect on the flowfield: the
transport code queries the local flow conditions from a high-resolution, static, viscous flow simuladon
of the shutde flowfield provided by the OVERFLOW solver[3] ar the appropriate flight conditions for
the debris event. A ballistic model is applied in the direction of the local flow velocity to determine

the deceleration and “zero-lift” trajectory. The version of the debris transport code uaed in the STS-
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hundreds of CPU-hours. Withour sacrificing this efficiency, it is desired to improve the accuracy of
the debris tra

sport code. These improvements include a realisic modeling of the dispersions abour
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trajectory due to aerodynamic lift, and drag models tailored to the different debris sources.
Both of these enhancements to the transport code require a

detailed knowledge of the aerodynamics
of freedlying pieces of debris.
The ch nmcteri:at_‘ion of the flight dynamics for shumle ascent debris involves developing models

and/or databases of aerodynamic parameters for each type of debris which are then integrated with
This then involves developing drag models for use in

the requirements of the debris transport code. T
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they can safely withstand the damage. This stuctural analysis in turn is fed back into the process, as
debris sources which cannot be safely tolerated are eliminared through design modifications.

s g Structural
Debris So
ebri urces Safety

Aerodynamic Debris Damage/Risk
Modeling - Transport Code Assessment

Figure 1: Debris analysis feedback loop. Damage from potendal debris sources is assessed, and those which are nor
tolerable are eliminared. This cycle then condnues undl a safe olerance is achieved.

The current abstract provides a general overview of the types of debris analyzed todate, the effort
underway to validate the CFD solver for these types of complex dynamic trajectories, and the current
level of aerodynamic modeling for external tank (ET) foam. The proposed full paper will include a
detailed review of the ascent debris environment, and include refined aerodvnamic modsls for the

arious debris types, as well as experimental data for direct comparison.

2  Debris Sources

As a first step, all of the porential debris sources for the space shurle stack on ascent must be

categorized. The primary debris sources can be categorized as spray-on foam insuladon for the ET,
resinous cork insulation for the SRB*, ablator material from the SRB nose cones, and frost ice which
forms due to condensation on the ET. The dynamic behavior of any debris piece, and by e‘(tension the
aerodynamic modeling of any debris piece, is dependent upon the shape of the debris. Figure 2a has
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photographs of divots which were “popped-off” from the 1”-thick foam which covers the ogive section

of the ET (so-alled acreage foam) during experimental tests. These pieces are roughly conical-shaped
al bevel angle. Figure 2b
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(a) Divos fom ET ogive acreage foam (b) Divots from ET flan

Figure 2: Divotws “popped-off’ from ET foam slabs during experimental tesdng.

IT Material lDensity (lbm/ftﬂ Max. Dimension (in.) [ Approx. Thickness (in.) u

| ET foam 2.4 6.0 ' 1.0
’ SRB cork 31.3 12.0 1.0
| ice 57.25 TRD TBD

SRB ablator | TBD TBD TBD

Table 1: Debris material properties and dimensions.

3 Verification and Validation

Characterizing the aerodynamics of dynamic debris shedding events from the shutde stack on

ability to efficiently compute static, prascribed-motion, and coupled 6-DOF simu-

plicic Cartesian moving-boundary solver described in [4] and [5] fulfills these require-

ments. The mesh generadon is automated, and parameter studies of the various uynamic scenarios
experienced by the debris are automatically handled by the Geometry Manipulation Protocol (GMP)
interface [6 ] The aerodynamic characterization invesdgates an isolared piece of dynamic debris in a
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the software of the flow solver without requiring complicated and costly mwr—mebh communications
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The Cartesian moving-body solver has been validated for a variery of acrodynamic problems,
including store separation, dynamic missile configurations, and transonic fluter(4, 7, 8]. The =
quirements of simulating debris shedding from the shutle on ascent are unique however, and further
validation for these dynamics is required. The Cartesian moving-body solver currently uses an invisci
approximation. The appropriateness of this approximation is examined by comparing static, bluft
body simulations of a conical acreage foam piece (cf. Fig. 3a) obtained with the Cartesian inviscid
solver, and the OVERFLOW viscous, overset solver. The rationale for choosing this comparison
experiment will be presented in the next section. The predicted drag coefficient for the relevant Mach
number range seen during ascent is presented in Fig. 3b. The maximum variaton between the two
solvers occurs at Mach = 1.0, and is 8%. The viscous increment is essentally zero ( < 0.1%) for these
calculations. The only faces which can effect the viscous drag are the beveled sides, which are located
in the aft separated flow region. These aft faces experience reversed and separated regions, which
when time-averaged, provide essendally no viscous stress contribution. While the viscous increment
itself is negligible, the differences between the calculations at the lower Mach numbers are due to
viscous effects. The viscous flow has stronger shear layers, which form stronger vortices, and also has
a much wider energy band (contains energy at a range of frequencies) than the inviscid calculations
which tend to have energy only at the shedding frequency. The stronger aft vortices induce an un-
steady flow at a slichtly higher Mach number in the viscous calculadons (Mach = 1.4 vs. Mach =
1.2). Beyond these Mach numbers the flowfield remains steady. At the lower Mach numbers (0.6
and 0.8), these stronger vortices induce a stronger reversed flow. This stronger reversed flow creates a
lower pressure on the aft face of the body, and leads to a slightly higher drag. So in general we would

expect the inviscid calculatons to slightly underprbdmt the drag, though not to the lack of a viscous
increment: Thesesonger shear layers also appear to cause the dleT&paﬂC\] at Mach = 1.0. The wider

separated region makes the body look slightly larger.
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Figure 3 demonstrates that an inviscid solver provides an efmicient engineering approximation

for these supersonic separated, bluffbody flows. The compuradonal cost of computing a single ¢
DOF trajectory using the Cartesian solver solver is nearly two orders of magnitude lower than the

ame trajectory computed with OVERFLOW, due to the stffness and mesh requirements of the

viscous solver. This efficiency allows a range of debris sources and release conditions to be examined

computationally, so that broad behavioral trends can be discerned, rather than examining a handful

(/:

of datapoints.

3.2 Dvynamic Cube Validation

The previous section considers static simuladons, however a validation of dynamic predictions
must be considered as well. Unformunately there is a dearth of appropriate data for extremely light
objects being released at high Mach numbers and high altitude. Hansche and Rinehart[9] fired 1,/4”
and 3/8” steel cubes from a gun at sealevel and measured the drag as a function of Mach number.
This data is eapeaaﬂy relevant for comparison as the ballistic drag model used in the debris ansport
code for the STS107 investigation is based upon this data, i.e. all debris sources are assumed to be
roughly shaped like cubes. Obviously the validity of this assumption for conical shapes like Fig. 3a is
questdonable. Figure 4 presents the computed drag coefficient variation against the experimenml data
nt simulation methods. The red and blue curves were computed with the

exposed to the wind respectively. The:e static
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an “av erige tumbling dynamic moton, the cube was rotated " at a constant rate about all three axes

ced Mach number. The average of these dynamic simuladons over a complete cycle is termed
d tumble results for the cube bisect the experimental data.

a “forced-umble” simulation. The forced
The f al type of simuladon included in Fig. 4 is a 6-DOF simulation with the cube being released

am and allowed to defelerate and rotate under the influence of the aerodynamic

into a uniform stre
as the separation buffets the body,

forces. This dashed green curve shows the cube begin to oscillate
tually leading to a tumbling motion as the cube passes through the transonic regime. The drag
{cuon from the 6-DOF trajectory again falls within the experimental data. Of note here is that
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Figure 4: Drag coefficient variation for a cube. Sumtc, forced-umble, and 6-DOF simuladons are compared against
ballisdc range dara from [9].

The MSL configuration is pictured in Fig. 5. While not a true thin conical divot, the MSL config-
uration is geomerrically similar, in that it has a bluff forebody which mrims the MSL in a blufitbody
orientation in supersonic flight. Computations simulating the supersonic test firings from [10] are
inteft&ed to validate the ability of the Cartesian solver to reproduce angular rate dara, as well as drag
predictions, and as an aid for establishing data requirements for dynamic tests of foam artcles. Dy-
namic testing of conical foam shapes is currendy in the planning stages. The full paper will mdude
a complete comparison against the MSL data, as well as any relevant ballistic range data for foam

insuladon.’
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Figure 5: Mars Smart Lander configuradon(10]

location. The velocity and angular rotation of this shedding event are unknown, and in fact the debris
may linger in the boundary layer undl popping into a high-speed stream. Trajectory calculations are
nsitive inidalvalue problems, yer in our modeling we cannot accurately state any of the

inherantly se
initial condinons’ Predicting any single trajecrory is thus an impossibility, and the approach taken
here is to predict an average trajectory. With this average trajectory in-hand, variations (for lift, drag,

A series of simulations of frustum shapes of varying dimensions was undertaken using the static,

forced-tumble, and unconstrained 6- DOF techniques demonstmrated in Sec. 3.2 for the dynamic cube

data. An example f a D =19t = 3" piece (cf. Fig. 3) with mass of 0.22 lbm is shown in

Fig. 6. Here the staric broadside data and the forced-tumble data are provided along with three
6-DOF trajectorie< In the sample 6-DOF trajectories the frustum is either
rientation or initially rotating about all three axes at 20 Hz before

release. The static release trajectory closely follows the stade bluff body drag variation, and the frustum

er Mach number as the dynamic pressure (and

sample unconstrained

only oscillates slishtly before finally umbling at lowe

aerodynamic Lcmmng moment) decreases. The initially rotading trajectories display a greater variation,
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'hdn stadic data. This behavior is similar to the cube dynamics discussed in Sec. 3.2, and is caused

by the low inertia of these foam pieces coupled with a relatively strong stadc stability point in the

bluftbody configuration. In order to overcome the static stability with such low inertia, the rotatonal
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Figure 6: Drag variaton for swtc bluffbody, forced-tumble, and sample 6-DOF rajecrories for a 0.22 tbm Sustum.

Recall thar the goal for this work is to model an average trajectory. While we can bound the behavior
y

of a single frustum foam piece, we stll require a method of characten:mg the behavior of a range
of toam pieces. The proposed solution is to use an ensemble average of the bounding curves for
each frustum piece tested. These tested pieces span the range of D = 1.8” — 127, ¢ = 0.5 — 3’
and mass = 0.002 — 0.22 lbm. Further, we need a method of scaling the drag coctnqent from theae
disparately-sized pieces that can collapse a range of data to a single curve. The use of the frustum
total area provides this desired scaling. Since the frustum pieces are beveled, the sides are alway

contributing to drag, as opposed to a piece such as a cylinder, where an axial elongation can change
the total area without appreciably changing the drag. This convenience of geometry allows the dara
from the range of frustum pieces examined w collapse to a within % 10% in drag variation relative
n with Mach number for all of the simulated frustum pieces is

ati

ro the average. The static drag varia

presented in Fig. 7, along with the ensemble average and a 109 variaton.

=

The ensemble average for the range of foam pieces of the stardc, blutfhody dmo is proposec

1 2 ey

, o L s los mao S a s . g
1' acreage r foam. 1he use Of thie sStatic Dou Luulg curve

[
%
C
C
&
3
ol
o
o

E ered
LULLD@T”JQ\’@ Durt realist c, approun ation. Since we are d\:Ldl«LLl; UVEL d fdlge ot pl:L:b 0113 uuuuduw
- it is possible for 6-DOF wajectories of some pieces to exhibit a drag
g. This is demonstrated by examining the variation of kinetic energy
(«vhl\.lﬂ is a good corollary for damage potential) with distance traveled. Figure 8 presents the kinetic

S TN TV St - Y-S S o _ 9= A .
- against the distance traveled for a 0.22 lbm frustum released at M.. = 2.5 in a uniform




o
)

(=4
1
W

B Al Cofnouted Shapes
o Encemble Average w/ +/- 10 ? Vananon

Drag Coefficient (S = total area)

o=l
W
[

Mach ;urnber

: 5 o _ -
Figure 7: Ensemble average of stadc bluffbody drag over all fruscum pieces examined

for an ET acreage divor will lie between the static and tumbling frustum curves, though individual
trajectories can exceed these bounds. Note that the tumbling cube model severely underpredicts the
kinetic energy relatve to the other model . This is not caused by the cube having a larcer drag, rather
that the frustum has a much larger acceleration than the cube. For a given mass, the frustum roughly
maximizes the drag (and hence the acceleration), while the cube roughly minimizes the drag for a
fixed mass. Thus, Whlle the tumbling cube data is accurate, it is only appropriate for use in modeling

cubes. Figure 9 presents samples of the kinetic enercy variation with distance for three shapes: a 0.22
lbm ¢ = 45° frustum, a 0.014 lbm 8 = 58° frustum, and a digitized ET flange divot from Fig. 2b.

Each plot contains the average trajectory for each piece, along with the approximate minimum and
maximum drag tajectories. Individual trajectories exceed the ensemble average bounding curves,

however the average of all trajectories liss within the bounds.

4.2 Crossrange

The smatc frusum drag model can be used in the ballistic model, however some method of
accoundng for the lift generated by each piece must be devised. It is assumed thart the lift can act
osstange behavior must be superimposed on zero-lift trajectory. *lmpiy
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Figure 8: Kinedc energy for a 0.22 lbm frustum released ar M., = 2.5 in a uniform sweam calcu ilated with a ballistc
code using three dmerent drag models (see text).
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wor each trajectory. Further, instead of an envelope, a complete statistical dismibution of crosst range
behavior can be provided so that a probability function can be queried for each trajectory. Figure 11
presents crossrange behavior from the 6-DOF calculations of two foam debris pieces at release

wbers of M. = 1.4 and 2.5, The envelope of the crossrange behavior in

large excursions, however the majority of the trajectories are con
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Figure 10: Model of crossflow variaton superimposed on a zerolift wrajectory. The envelope of crosstange behavior is

colored by flight-path angle.
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the pieces are typically oscilladng and tumbling. This apparently diverse behavior is caused by the
piece holding a highly-lifing orientation early in the trajectory. This orientation provides a large
crosstange inerda. Since the debris pieces decelerate exﬁemely rapidly, the dynamic pressure drops

i e orientaton the restoring force is much

very quickly, and hence when the piece is
et simply resgonding

rwo bec : ne, hov'wer they are in
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smaller. Hence the
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5 Future Work

This abstract oudines the debris transport analysis underway within the space shurtle RTF initia-
tive. The aerodynamic characterization of potendal debris sources is a key element to this program,
and CFD methods have provided necessary data in a cosceffective and timely manner. Derails of the
aerodynamic modeling for ET acreage foam have been presented in terms of drag and crossrange be-
havior. Similar models are under development for SRB cork insulation. The final paper will include
details of the aerodynamic characterization of all shutde ascent debris sources analy=ed with CFD
methods. Furrher, the use of CED in developing ballistic range experimental tests, and comparisons

with the data derived from these tests, will be included in the final paper.
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